The effect of five phosphonic acids (hydroxyethylene diphosphonic acid, HEDP; nitro trimethyl phosphonic acid, NTMP; methylene diphosphonic acid, MDP; amino methylene phosphonic acid, AMP; and sodium phosphonobutane tricarboxylic acid, PBTC) on the growth of the barite(OO 1) face has been investigated using atomic force microscopy 
Introduction
It is well knmvn that some organic molecules, such as phosphonic and carboxylic acids, have the ability to retard or totally inhibit crystal growth from solution. This is of particular interest in industrial processes where the growth of undesir able crystalline solids must be prevented (e.g., barite scale formation in off-shore oil wells, vari ous scales in water treatment processes) and therefore, growth inhibitors are used. However, in order to understand, predict and control crystal growth, knowledge of the molecular mechanisms that govern the inhibitor-crystal interaction is necessary. Considerable research has focussed on designing additive molecules, which will modify crystal growth in a predictable way [1, 2] . In pre vious investigations, such as Black et al. [3] , mol ecules have been modified to contain varying numbers of a specific functional group. They found that at least two phosphonate groups are required for inhibition of barite growth (with a three-atom chain between the phosphonate groups). Bromley et al. [4] investigated the effect of chain length and found that the greatest inhibition of barite growth occurred when the link between the two sets of phosphonate groups was greater than 6 A and allowed at least two of the four phosphonate groups on the molecule to adsorb onto the surface. Even when more than two active phosphonate groups were present on the organic molecule, adsorption was assumed to require only two of these groups. Using these principles, inhibitors have been designed and shown to be effective [5] [6] [7] [8] [9] . lones et al. Traditionally, the adsorption of molecules to mineral surfaces has been indirectly investigated from bulk experiments. Measurements of crystal lisation rates in the presence of inhibitors have been attributed to the adsorption of molecules to active growth sites on surfaces [11, 12] . Thus, by experimental determination of adsorption iso therms, it is possible to interpret crystal growth behaviour in the presence of a wide variety of inorganic and organic additives. However, the proposed mechanisms that take place on the growing surfaces at a molecular scale tend to re main at a speculative level when derived from bulk experiments. The possibility of observing surfaces during growth using AFM gives us the opportu nity to study the effect of inhibitors on crystal growth in situ at a nanometre scale, as well as to make direct measurements of growth rates [l3,14] .
This allows us to obtain more precise information about the molecular mechanisms controlling the inhibition of crystal growth.
In this paper, we present an atomic force mlcroscopy (AFM) study on the effect of five Finally, in order to obtain a general view of the adsorption process and its inhibiting effectiveness, the microtopographic observations and the quan titative information provided by both adsorption isotherms and growth rates of monomolecular steps are discussed, together with molecular mod elling of the inhibitor-crystal interface .
Methods

AFM in situ experiments
Adsorption experiments on barite have been performed at room temperature in a fluid cell of a Digital Instruments (Veeco Instruments, GmbH ) Multimode AFM, working in contact mode . Optically clear barite single crystals were cleaved to expose (001) faces before each experiment and placed in the AFM . cleavage particles and to adjust AFM parameters, deionised water was passed over the crystals . aqueous solutions with a concentration of 40 [lll l olll BaS04 were injected into the fluid cell . concentration is high enough to promote moderate two-dimensional nucleation [15] . sional nuclei (also referred to as 'islands') have a characteristic circular sector shape (see Figs . which allow us to determine the crystallographic Fig. 2 . Top view of the barite(OO 1) cluster and island used to perform adsorption energy calculations. The cluster and the island are bounded by steps in the (120) direction (and its symmetry equivalents). As an example of inhibitor cluster configuration an AMP-l molecule attached to a kink position has been drawn. directions on barite(O 01) faces [16 ] . clei grew to �100 nm along the [100] direction, solutions with the same BaS04 concentration but containing a range of concentrations (0 . 1) of HE DP, NT MP, MDP, AMP and PBT C were passed over the crystal surfaces . solution/crystal equilibration, fresh solution was injected at intervals of about 1 min between each AFM scan . the time automatically recorded . of monomolecular steps on barite(O 0 1) faces in the presence of inhibitor were measured about 10 min after solutions had been injected . parallel to [100] of steps generated by two dimensional nucleation was measured using Digi tal Instruments (Nanoscope) software . rates were determined by taking the average value obtained by measuring at least five islands for each experiment . island was of about 5% . prepared by mixing Na 2 S04 and Ba(N03) 2 solu tions (SIG MA 99+%) and synthetic HE DP, NT MP, MDP, AMP and PBTC -Na4 commercial additives . pH was adjusted to around 5 to promote the complete dissociation of PBTC -Na4 and therefore, to ensure that the PBT C acid and not the PBTC Na4 salt was the inhibitor present in solution . Calculations of in-vacuum adsorption energies were performed on a barite(O 0 1) cluster containing 2484 atoms, i . cluster was constructed in such a way that it con tains three stacked layers of a 16x 16 surface unit cell and a fourth layer, consisting of an 8 X 8 island, centred upon the previous stack (see Fig . cluster and the island are bounded by steps in the (120) direction (and its symmetry equivalents) . Thus, these steps consist of periodic bond chains that were shown to be the most stable step direc tions during growth and dissolution [15] [16] [17] . constraints described above leave two options on how to construct the cluster : the island on top form a parallelogram which can have a SO�-ion at the obtuse or at the acute angle . This doubles the number of configurations of inhibitor molecules adsorbed to the cluster that have to be tested . dipole moment perpendicular and parallel to the (001) surface . surface instabilities and to avoid long-range inter actions between the cluster and the adsorbate that are caused by the cluster construction rather than the interaction of the growth inhibitor molecule with a specific surface site . in-vacuum adsorption energies, we used the species AMp l -, AMp2-, MDp2-, HE Dp2-, NT Mp2-, NT Mp 4 -, PBTC 2-, and PBTC-. from Table 1 , AMp l -, MDp2-, HE Dp2-, NT Mp 4 -, and PBT C 4 -are the most stable species at approximately neutral pH values . NT Mp2-, and PBTC 2-were included in the cal culation to be able to compare inhibitor-mineral interactions for species with the same charge (2-) . In order to find the absolute energy minimum with its corresponding structure of a molecule adsorbed to the surface, the molecules were brought close to the surface manually in different orientations and from each starting position, the minimizer of Ce rius2 was used to optimize the position . program package that uses empirical force-field potentials (harmonic and Morse potentials for bonded interactions, hannonic potentials for three body interactions and torsions, Buckingham and Lennard-Jones potentials for non-bonded interac tions) to calculate the total energy of (in this case a cluster) atoms . optimized using different optimization schemes (B FGS, conjugate gradient) . lar dynamics calculations at 300 K and simulated annealing runs between 100 and 500 K were per formed to give the system the possibility to "jump out" of a local minimum (that is not the absolute minimum) of a given adsorption site .
All calculations were performed using the force field by Allan et al . the Universal force field by Rappe et al . interactions within the molecule and the interac tions between molecules and the mineral cluster . The charge distribution within the inhibitor mol ecules was calculated using the QeQ charge scheme that is part of the Cerius2 package . scheme was applied to the respective neutral mol ecule . the deprotonation state) number of protons was Bayhibit [29] -8.13 (-2), -27.09 (-4) '
ap K a2 and p K a) of AMP describe the follmvi ng equilibria:
bNumbers in parentheses indicate the charges of the respective species. Hydration energies are negative, indicating the gain in energy during dissolution.
cThe change in hydration energy between the dissolved and adsorbed state of AMP can be corrected by the hydration energy of the NHj group exposed to water which can be approximated by 1/3 of the hydration energy of NH4+ (assuming that 1/3 of the hydration sphere is preserved) which is -1.16 eV such that the values for dE'hyd can be corrected to -4.45 eV (-1) and -8.83 eV (-2) .
d dE'hyd for NTMp4-and PBTC4-can be approximated by taking into account that the PCM method tends to overestimate hydration energies for highly charged molecules (p;20% for 4 charge units) and for the fact that two charged functional groups are still exposed to water after adsorption such that dE' hYd (NTMp4-) = -12.95 eV and dE'hyd(PBTC4-) = -13.54 eV; the values derived in footnotes c and d are used for E�d"hYd .
removed and the corresponding charge was ad justed by evenly distributing the difference charge over the remaining charged molecule . vidual atomic charges were not changed in sub sequent adsorption calculations . because redistributing the charges within a calcu lation or in between adsorption energy calcula tions would introduce arbitrary fluctuations in the calculated adsorption energies . interactions between inhibitor molecule atoms and mineral cluster atoms are included as well as all interactions within the molecule (except for 1-2, nearest neighbour, and 1-3, second nearest neighbour, interactions) and within the barite cluster (except for interactions within a SO� molecule) . The adsorption energy in vacuum can then be calculated using the following equations :
Calculations of hydration energies
Hydration energies (Ehyd ) are calculated using the program package Gaussian 98 [20] using Tomasi's polarized continuum model [21] . hydration energies are listed in Table L The diffi cult part is to estimate the difference in the hydration energies of the molecule between the dissolved state and the adsorbed state, and the difference in the hydration energies of the cluster between the two states . In approximation, it can be assumed that the mole cule "loses" its entire hydration energy during the adsorption process . true in case the molecule has one or two polar groups that are all involved in the adsorption to Ba2+ ions on the surface and only a non-polar end is exposed to the water interface . assumption applies to (A Mp l -, AMp2-, here a minor correction is applied; see footnote c in Table  1 ) MDp2-, HE Dp2-, NT Mp2-, and PBT C 2-, however not to NT Mp 4 -and PBTC-. latter two, a correction in Table 1 is applied which takes into account the remaining hydration energy of the molecule after adsorption (E �d"h Y d) '
The hydration energy of the barite cluster de creases to some degree during adsorption (not taking
we can only speculate about the exact amount of this hydration energy change even though we tried to minimise it by just using neutral clusters . [16 ] . dimensional islands on barite(O 0 1) . were grmvn from a solution supersaturated with respect to barite and in the absence of inhibitor .
Results
Microtopographic
The presence of inhibitor in solution reduces the growth rates and, in some cases, changes the morphology of the islands . islands on a barite(O 0 1) face clearly changed when HE DP and AMP are present in solution . few seconds of growth in a solution containing small amounts of these inhibitors, two-dimen sional islands began to lose their characteristic shape : rounded . an irregular shape, in which the initial growth anisotropy progressively disappeared . an AFM image, where two-dimensional barite is lands growing in the presence of HE DP evolved to rounded shapes . PBTC , the behaviour was different and the inhi bition of barite growth did not lead to appreciable changes in island shapes, which always exhibited their characteristic circular sector shape .
Another interesting feature observed for all the inhibitors is that, above an inhibitor concentration of 10 or 20 [lll l olll (it varies with the inhibitor), the formation of a layer of soft material on bar ite(OO 1) surfaces was observed . force between the AFM tip and the surface, it was possible to remove such a layer . two-dimensional islands appeared "frozen" and no further spreading was observed . height of the soft layers ranges from 2 . indicating that they are probably made of inhibitor molecules weakly attached to the surfaces .
Dependence of monomolecular surface growth on inhibitor concentration
In order to quantify the inhibiting effect of the HE DP, NT MP, MDP, AMP and PBT C mole cules, we have measured growth rates along the [100] directions of two-dimensional island growth on the barite(O 0 1) face for each inhibitor and for different concentrations (T able 2) . decrease of step advancement rates as a function of inhibitor concentration . lised Vi /VO step velocities (where Vi and Vo are the growth rates along [100] with and without inhib itor, respectively) were plotted against the inhibi tor concentration . advancement rates, the possible effect of the dif- ("<1"0) ("<1"0) ("<1"0) ("<1"0) ("<1"0) ferent surface characteristics (i . density, orientation of cleavage steps, etc . growth behaviour was minimised and the inhibit ing effect of phosphonic acids could be better compared . rapid decrease in step advancement rates occurred for inhibitor concentrations lower than 10 Mmolll . After this initial decrease, the inhibiting effect of the phosphonic acids became weaker and for fur ther increase in inhibitor concentration, the retar dation of the step advancement reached a plateau with little dependence between growth rate and inhibitor concentration . of the plateaus are different for each phosphonic acid . molecule concentrations higher than 10 [lll l olll was observed .
Adsorption isotherms
Since in all cases the strongest change in inhi bition occurs for inhibitor concentrations <10 MIDolll, it is worth studying this concentration range in detail . compare the effectiveness of the organic molecules, HE DP, NT MP, MDP, AMP and PBTC , we have represented the step rates and inhibitor concen trations using Langmuir diagrams (see 
where ko is 1 for complete inhibition; kr is the so called "affinity constant" , indicative of the effec tiveness of the inhibitor, i . the step advancement [22] . the kl value, the more effective the inhibitor . Table  4 shows the affinity constants for HE DP, NMTP, MDP and PBT C inhibitors (column 3) obtained from our AFM experiments . (E8d","" see Eq, (2» increases with the charge of the species . adsorption energy when going from one bonding functional group (AMP) to two bonding func tional groups ( all others), If hydration is taken into account by assuming that during adsorption, an adsorbed species loses all its hydration energy (Ehyd), all adsorption energies become positive, that is, no adsorption is expected to flat terraces . 2,2, taking into account the change in hydration of the surface Ba 2+ ions would only worsen the energy budget for each adsorption event in a hydrated environment such that adsorption to flat terraces can be ignored, unless there are SO� -vacancies on the surface as discussed by Nygren et aL [23] , Table 3 Data for constructing absorption isotherms in the range of inhibitor concentrations from 1 to 10 )mlOill The results in Table 6 list the minimum energies for all configurations that we tested for adsorption cluster setup (see Section 2 .
molecule, eight configurations were tested . for NT Mp2-, adsorption to the side of unper turbed steps seems to be likely within the error of calculation . adsorption energies do not indicate that adsorp tion to steps without kinks or defect sites does significantly contribute to inhibitor molecule adsorption .
Calculated adsorption energies of inhibitor molecules to outer corners of growth islands
The results of Table 7 indicate that all inhibitor molecules gain energy by adsorbing to corner sites in a hydrated environment . that the phosphonates (AMP, MDP, HE DP and NT MP) prefer the configuration where Ba2+ is located at the obtuse corner whereas PBT C prefers to adsorb to Ba2+ at an acute corner . adsorption to all corner configurations (there are four symmetrically different ones) are energetically downhilL
Calculated adsorption energies of inhibitor molecules to inner corners of growth islands
Even though adsorption to inner corners might be considered in a similar way as adsorption to kink sites (see below), there are significant prob- lems to adsorb species to such sites because of steric hindrances . bind to such sites because it only has to bind with one functional group to the limited-access site of the Ba2+ in such an inner corner . inner corner adsorption energies (T able 8) with kink site adsorption energies is a good example that shows that not only the relative position of one or two Ba2+ ions at the adsorption site is important but also the arrangement of other SO� and Ba2+ ions around the site and in the layer underneath .
3.4.5. Calculated adsorption energies of inhibitor molecules to kink sites of growth islands Table 9 shows that for each molecule, there is a kink site configuration for which adsorption is energetically downhilL Kink sites are most likely the most important sites for crystal growth block ing . fonns a stronger bond to a kink site than does PBT C 4 -. sider all 22 kink site configurations that we evalu- ated . hydrated environment for binding to any of the kink sites are negative (average is -1 . whereas this is only the case for about half (12 out of 22) of the adsorption events for NT Mp 4 -(with an average of -0 . come worse if we consider that kink sites lose most of the hydration energy during adsorption at the site types that we consider . whatever the type of kink site, it can be blocked by PBT C-but about half the kink sites can continue growing if NT Mp 4 -is the chosen inhibitor .
Discussion
AFM has been used to study the effect of the five phosphonic acids (HEDP, NT MP, MDP, AMP and PBTC ) on the growth behaviour of barite(OO 1) faces . rates along [100] directions have shown that all five phosphonates tested can be considered as inhib itors of barite growth .
of the advancement of monomolecular steps on barite(OO 1) surfaces has also allowed us to con struct adsorption isotherms for low concentrations of phosphonic acid (from 0 . such isotherms are constructed by plotting growth rates of individual monomolecular steps (and not from average growth rates, characteristic of bulk experiments) against the inverse of inhibitor con centrations, they represent a direct demonstration of a Langmuir model for adsorption on surfaces . The fact that the initial adsorption follows the behaviour predicted by Langmuir's model implies that the inhibiting effect of the organic molecules studied in this work on barite is due to the attachment of molecules on active growth sites . Our calculations indicate that these active sites are kink sites located along steps . only positions for which calculated inhibitor adsorption energies are clearly negative (see Table  9 ), i . adsorption energies are higher than 0 . kJ/mol) . the adsorption has a chemical character, i . inhibitor-active site bonds are quite strong (typical energies for physical adsorption are lower than 40 kJ/mol while for a chemical adsorption values up to and even over a hundred kJ/mol -D . adsorbed inhibitor molecule-are expected [24] ) . Other possible positions for adsorption, such as flat terraces or steps without kinks or defects provided positive adsorption energies, indicating that they are negligible as positions for crystal growth blocking . observed growth rate-inhibitor concentration pla teaus for high concentration of inhibitor . once all kink sites along the steps on the bar ite(OO 1) surface are occupied with inhibitor mol ecules, the effectiveness of the inhibitor reaches a maximum and a further increase in the inhibitor concentration does not lead to a significant de crease in growth rates because no more adsorp tion positions are available on the crystal surface . Only when the concentration of inhibitor in the solution is very high (above 10 or 20 [tmol/l), a layer of inhibitor molecules can be formed on the barite surface . energies of the inhibitor on terraces are positive (see Table 5 ), no adsorption can be expected . observed covering must be, therefore, interpreted as a flocculation of inhibitor molecules on the barite(O 0 1) surfaces . can prevent the barite growth units reaching the surfaces acting as "physical barrier" for the growth process that can even be completely stop ped . the plateaus in Fig . The strength of the adsorption of inhibitor molecules on kink sites can also be quantified through the affinity constants, kr, in Eq . Table 4 ) . as those obtained by Amjad [22] for the adsorp tion of phosphonates on calcium phosphate dehy drate from bulk experiments (Amjad reported kr values of 8x1O-6, 17xlO-6 and 31 . PBTC , HE DP and AMP respectively) . ering both the ranking of our measured constants and the behaviour of the inhibitors for high con centrations (see Another interesting aspect of the inhibiting phenomenon is the change in the shape of the is lands (see last column in Table 4) . observations indicate that, while in the presence of HE DP and AMP barite islands become irregular after a short time, the other inhibitors tested do not promote such pronounced changes in island shape, which essentially remain with their typical circular sector shape . the less effective inhibitors, the change in island shape can be attributed to a weaker attachment of these molecules to the active site along steps that can result in a continuous adsorption and desorption of inhibitors on those positions . would imply that growth positions would be no longer blocked, resulting in an isotropic irregular shape with time . MDP are able to block kink sites along mono molecular steps in a more efficient (and perma nent) way . strongly inhibited but the shape of the islands is preserved . 
